T he four serotypes of dengue virus (DENV) (family Flaviviridae) are transmitted from infected to susceptible humans primarily by Aedes mosquitoes.
1 Following infection, an individual remains vulnerable to re-infection with a different serotype of the virus. Clinically-apparent disease usually occurs with the first or second infections, rarely with the third or fourth.
2
There is a wide spectrum of clinical manifestations from asymptomatic to undifferentiated fever, dengue fever (DF), dengue haemorrhagic fever (DHF) and dengue shock syndrome (DSS).
3
With an estimated 50 million infections annually, 3 the burden of dengue is a heavy one indeed, 4 especially to countries in the Asia Pacific region. 5 Despite sustained vector control efforts, Singapore has also not been spared from the disease. Although the Aedes premises index (percentage of premises found breeding Aedes mosquitoes) has been consistently maintained at between 1% and 2% since the 1980s, Singapore still experienced successive dengue outbreaks at intervals of five to seven years.
6-10
In 2005, Singapore experienced its largest dengue outbreak on record. 10 Only two years thereafter, another outbreak ensued. As this was not in keeping with the five-to-seven-year cycles previously experienced, we undertook epidemiological, entomological and virological studies to investigate the features of the 2007 dengue outbreak, and compared them with those of 2005, to determine the factors that triggered the outbreak.
METHODS

Dengue surveillance and control in Singapore
In Singapore, the Ministry of Health is responsible for the epidemiological surveillance and clinical management of dengue. The National Environment Agency (NEA), 
Notifi cation
All medical practitioners are required by the Infectious Diseases Act to report all clinically-diagnosed and laboratory-confirmed dengue cases and deaths to the Ministry of Health by facsimile or by online electronic notification within 24 hours. They also are required to report cases that were initially diagnosed as DF but that later satisfied criteria for DHF. 
Vector control
On receipt of notification, epidemiological data are immediately transmitted to the NEA, which undertakes field epidemiological investigations if necessary. All reported cases and breeding habitats are plotted, using a geographical information system, to determine clustering of cases and to identify high-risk areas for priority vector control.
13
Serotype surveillance
The 
Data analysis
Only laboratory-confirmed cases reported to the Ministry of Health were included in the analysis reported here; we further restricted these cases to those who were Singaporean citizens or permanent residents. All duplicate notifications were removed before analysis. Cases with a history of travel within seven days before the onset of illness to countries where dengue also occurred were classified as imported and were not included in the analysis. A cluster was defined as two or more cases within a 150 meter radius (based on residential or workplace/school addresses) and with the onset of illness within a 14-day period. Denominators for the calculation of incidence rates were based on the estimated mid-year population obtained from the Singapore Department of Statistics, Ministry of Trade and Industry.
15
Seroprevalence survey
To determine the proportion of asymptomatic infections, voluntary blood sampling was carried out in 2007 in the three largest clusters of cases at Bukit Batok, Woodlands and Pasir Ris, where all household members residing in each site were invited to participate. A recruitment and sampling site was set up within each of the clusters to take blood samples (3 ml) and to conduct face-to-face interviews. Only residents who gave written consent were interviewed. Individuals whose serum samples contained anti-DENV IgM were scored as having a recent infection and those whose serum samples contained anti-DENV IgM but could not recall any recent symptoms of dengue infection were classified as asymptomatic.
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Statistical analysis
Microsoft Office Excel 2007 and SPSS 15.0 were used for statistical analyses. Differences between the agegender-standardized incidence rates were computed and tested for statistical significance using the Z-test.
17
Statistical significance was taken at P < 0.05 level.
Ethics
The study was conducted primarily as part of a national public health programme, with supplemental data obtained from a community seroprevalence study which had been approved by the National Environment Agency Bioethics Review Committee (IRB 005.2) in 2007. Fig. 1) The median age of DF/DHF cases among Singapore residents in 2007 was 37 years (interquartile range 25 to 50), with a range from two days to 101 years, higher than the median age of 31 years (interquartile range 20 to 42), with a range from four days to 98 years, in 2005. 10 The age-specific incidence rate for dengue was highest in the age group 55 years and above in 2007. In 2005, it was highest in the 15 to 24-year-old age group ( Table 1) . 10 The incidence in males was significantly higher than in females (209.3 per 100 000 and 150.3 per 100 000, respectively) and that was true for all ethnic groups (P < 0.01). Among Singapore residents in 2007, the age-gender-adjusted incidence rate of DF/DHF was highest in the Chinese (172.3 per 100 000) (P < 0.01), followed by the Malays (146.9 per 100 000) (P < 0.05) and the Indians (120.9 per 100 000). Among Singapore residents in 2005, the age-gender-adjusted incidence rate of DF/DHF was also highest in the Chinese (312.8 per 100 000) followed by the Malays (288.4 per 100 000) and the Indians (173.9 per 100 000).
RESULTS
Epidemiological fi ndings
10
The incidence rate in 2007 was highest among those residing in private condominiums (453.8 per 100 000), and was 1.3 times that of those residing in compound houses (351.1 per 100 000) and almost three times that of those residing in high-rise public housing apartments (156.5 per 100 000). This was different from 2005 when the lowest rate (298.8 per 100 000) was found in residents of private condominiums, while the incidence rate of those residing in compound houses was 710.7 per 100 000, and 332.1 per 100 000 for those living in high-rise public housing apartments.
Cases were concentrated in the urban and suburban centres of the central (29.0%) and south-eastern (20.4%) parts of Singapore, with further geographical extension to the western suburban areas (Fig. 2) . A total of 3877 cases from 949 clusters (median three cases, range two to 117 cases) were identified. The total number of cases from reported clusters constituted less than half (46.8%) of all reported cases.
The largest clusters were at Bukit Batok (117 cases, July to September), Pasir Ris (71 cases, May to July) and Woodlands (67 cases, July to August). Two of these localities (Woodlands and Bukit Batok) also were affected in 2005, but with fewer cases. 10 The seroprevalence study involving 1708 residents conducted in these three localities revealed that 3.3% (n = 56) had recent dengue infections. Among these residents with recent infection, 73.2%, ranging from 57.1% at Woodlands to 81.8% at Pasir Ris, did not recall any symptoms within the previous three months. 14 and has since remained the predominant serotype (Fig. 3) . In 2007, RNA from 1044 confirmed cases of acute dengue infection were serotyped at the EHI, NEA, Department of Pathology, Singapore General Hospital and the laboratories at Tan Tock Seng Hospital and National University Hospital, and comprised 88.3% DENV-2, 6.4% DENV-1, 4.6% DENV-3 and 0.7% DENV-4.
Virological fi ndings
Entomological fi ndings
As in 2005, the distribution of dengue cases in 2007 was more closely associated with Aedes aegypti than with Aedes albopictus breeding sites (Fig. 2) . 10 The overall Aedes premises index was 0.68% in 2007, lower than the 1.15% observed in 2005. 
DISCUSSION
With the exception of median age of the cases, and the predominant dengue serotype, the epidemiological features of the 2007 epidemic were largely similar to those of 2005. The increase in median age and the finding that those aged more than 55 years had the highest incidence are poorly understood. It is interesting to note that this phenomenon has accompanied the switch to DENV-2, and both the phenomenon and predominance of DENV-2 have persisted till 2010.
After the 2005 outbreak, the dengue control system was enhanced going into 2007. First, manpower that routinely carried out Aedes surveillance and source reduction was increased from 250 in 2005 to about 500 in 2007. On average, 116 764 residential premises and 3011 non-residential premises (e.g. construction sites, schools) were inspected every month in 2007, resulting in almost all premises being inspected within the year. 13 Second, an intensive source reduction exercise was conducted by NEA officers two to three months before the expected dengue season, to remove breeding and potential breeding grounds. Third, early warnings systems were developed through virological surveillance and ambient temperature monitoring, providing temporal risk stratification. 14 Lastly, qualitative spatial risk stratification was performed using case, virus and larva surveillance data, to guide the deployment of staff. Despite the enhanced vector control which led to a premises index of 0.68%, which was significantly lower than the 2.24%, 1. 14 The role of the small genetic changes between the two clades, in viral fitness, is being investigated. A similar observation was reported in Cuba, where the authors hypothesized that the 1997 severe outbreak in Cuba was a result of a small mutation that improved the fitness of DENV-2.
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The epidemiology of dengue in Singapore has evolved from a paediatric problem in the 1960s to an adult infection since the 1980s. Previous studies have demonstrated that more than 90% of dengue infections were asymptomatic. 21 In a survey representative of the adult general population conducted in 2004, the prevalence of asymptomatic infections was found to be 95%. 22 The prevalence of asymptomatic dengue infections in surveys conducted during the 2007 outbreak in three public housing estates ranged from 57.1% to 81.8%. The differences could be due to different methodologies.
A limitation on this study would be the reliance on notification data. The incidence rate is actually the case notification/detection rate. Although medical practitioners and directors of clinical laboratories were required to report all cases of DF/DHF to the Ministry of Health, mild cases with undifferentiated fevers may not seek medical care and so may not be reported. The actual incidence of dengue infection in 2007, therefore, could be higher than was reported. A limitation of the seroprevalance survey was that convenience sampling was done, and data collected may not be representative of the population. Nevertheless, it gives us an idea of the prevalence of asymptomatic infections in these outbreak areas.
The 2007 dengue epidemic in Singapore demonstrated the dynamic interactions of the virus, human host, vector and the environment, as evidenced by the resurgence caused by introduction of a new clade of DENV-2, despite sustained vector control efforts. Given the large estimated proportion of asymptomatic infections, the real extent of the problem could be much larger than what is currently known. Singapore remains vulnerable to major outbreaks of dengue through the constant introduction of viruses from travellers; and through local evolution of the virus.
